Abstract: Low-voltage direct current (DC) microgrid based on distributed generation (DG), the problems of load mutation affecting the DC bus under island mode, and the security problems that may arise when the DC microgrid is switched from island mode to grid-connected mode are considered. Firstly, a DC bus control algorithm based on disturbance observer (DOB) was proposed to suppress the impact of system load mutation on DC bus in island mode. Then, in a grid-connected mode, a pre-synchronization control algorithm based on a neural network adaptive control was proposed, and the droop controller was improved to ensure better control accuracy. Through this pre-synchronization control, the microgrid inverters output voltage could quickly track the power grid's voltage and achieve an accurate grid-connected operation. The effectiveness of the algorithms was verified by simulation.
Introduction
When the load demand is similar, distributed generation (DG) has reduced the power loss caused by long-distance transmission compared with centralized generation, and has the advantage of a high-energy utilization rate [1] . Microgrid can be divided into direct current (DC) microgrid, alternating current (AC) microgrid and AC/DC hybrid microgrid according to the structures [2, 3] . With the development of power electronic technology, AC power must supply to a low-voltage DC load through rectifying equipment. The harmonic current introduced by a large amount of power conversion greatly affects the quality of power. In order to solve this problem, the load must be equipped with a power factor compensation circuit, which will lead to increased costs [4] . So far, preliminary research on the system structure, load compatibility, energy saving assessment and power quality of low-voltage DC microgrids show that low-voltage DC microgrids can be compatible with most low-voltage loads and can effectively control the transient process of a power system, especially in a low-voltage DC microgrid connected by a large number of DGs. Compared to an AC microgrid, a low-voltage DC microgrid has the advantages of reducing power loss, facilitating the access of DGs and loads, enhancing power supply continuity and reliability as well as improving power quality [5] .
As the main force of new energy power generation technology, photovoltaic power generation has uncertainties and randomness. Therefore, microgrids are usually equipped with energy storage systems. When the output of other DGs is unstable or the system load changes, the power balance of the microgrids can be maintained by charging and discharging capacity of the energy storage to generate fluctuating voltage and impulse current [18] , a pre-synchronization control algorithm based on a neural network adaptive control structure is proposed in this paper. The cerebellar model articulation controller (CMAC) neural network and traditional proportion-integral-derivative (PID) composite adaptive algorithm is used, which has the advantages of a fast learning speed, high control timeliness, a smooth convergence process and an insensitive sequence of learning data on the premise of guaranteeing approximation of non-linear functions. It enables the output voltage of the inverter to track the voltage of the power grid quickly and accurately, and realizes the safe switching from island mode to grid-connected mode.
Control Strategy of Photovoltaic and Energy Storage System

Photovoltaic Cell Model and Control Strategy
Photovoltaic cell is a DG that uses photovoltaic effect to convert light energy into electricity [19] . A photovoltaic cell is composed of three parts: Photovoltaic current source, diode, series and parallel resistances. The typical equivalent circuit of a photovoltaic cell is shown in Figure 1 .
Energies 2019, 12, 1162 3 of 17 synchronization time, low efficiency and easy to generate fluctuating voltage and impulse current [18] , a pre-synchronization control algorithm based on a neural network adaptive control structure is proposed in this paper. The cerebellar model articulation controller (CMAC) neural network and traditional proportion-integral-derivative (PID) composite adaptive algorithm is used, which has the advantages of a fast learning speed, high control timeliness, a smooth convergence process and an insensitive sequence of learning data on the premise of guaranteeing approximation of non-linear functions. It enables the output voltage of the inverter to track the voltage of the power grid quickly and accurately, and realizes the safe switching from island mode to grid-connected mode.
Control Strategy of Photovoltaic and Energy Storage System
Photovoltaic Cell Model and Control Strategy
Photovoltaic cell is a DG that uses photovoltaic effect to convert light energy into electricity [19] . A photovoltaic cell is composed of three parts: Photovoltaic current source, diode, series and parallel resistances. The typical equivalent circuit of a photovoltaic cell is shown in Figure 1 . The formula for calculating the output current of a photovoltaic cell is as follows:
Among them, Iph is the photogenerated current, Id is the reverse saturated current of the diode, UPV is the output voltage of the battery, RS and Rsh are the series resistance and parallel resistance of the battery respectively, n is the ideal factor of the diode, K is the Boltzmann constant (1.381 × 10 −23 J/K), T is the absolute temperature of the photovoltaic panel and q is quantity of electric charge (1.6 × 10 −19 C) [20] . The simulation model of a photovoltaic cell is established in Matlab/Simulink, as shown in Figure 2 . The formula for calculating the output current of a photovoltaic cell is as follows:
Among them, I ph is the photogenerated current, I d is the reverse saturated current of the diode, U PV is the output voltage of the battery, R S and R sh are the series resistance and parallel resistance of the battery respectively, n is the ideal factor of the diode, K is the Boltzmann constant (1.381 × 10 −23 J/K), T is the absolute temperature of the photovoltaic panel and q is quantity of electric charge (1.6 × 10 −19 C) [20] . The simulation model of a photovoltaic cell is established in Matlab/Simulink, as shown in Figure 2 . synchronization time, low efficiency and easy to generate fluctuating voltage and impulse current [18] , a pre-synchronization control algorithm based on a neural network adaptive control structure is proposed in this paper. The cerebellar model articulation controller (CMAC) neural network and traditional proportion-integral-derivative (PID) composite adaptive algorithm is used, which has the advantages of a fast learning speed, high control timeliness, a smooth convergence process and an insensitive sequence of learning data on the premise of guaranteeing approximation of non-linear functions. It enables the output voltage of the inverter to track the voltage of the power grid quickly and accurately, and realizes the safe switching from island mode to grid-connected mode.
Control Strategy of Photovoltaic and Energy Storage System
Photovoltaic Cell Model and Control Strategy
Among them, Iph is the photogenerated current, Id is the reverse saturated current of the diode, UPV is the output voltage of the battery, RS and Rsh are the series resistance and parallel resistance of the battery respectively, n is the ideal factor of the diode, K is the Boltzmann constant (1.381 × 10 −23 J/K), T is the absolute temperature of the photovoltaic panel and q is quantity of electric charge (1.6 × 10 −19 C) [20] . The simulation model of a photovoltaic cell is established in Matlab/Simulink, as shown in Figure 2 . Since the output voltage of a photovoltaic cell is low, the photovoltaic cell is connected with the DC bus by a boost circuit. The control mode of a boost circuit is Maximum Power Point Tracking (MPPT) method based on the disturbance observation method. The basic principle of the disturbance observation method is to add a small disturbance to the voltage, calculate the variation of the output voltage and power and compare it with the previous state. If the output power increases or decreases synchronously with the voltage value, the disturbance direction is correct and the maximum power tracking can be achieved by continuously disturbing the voltage [21] . The MPPT control flow chart of the disturbance observation method is shown in Figure 3 [22] . Among them, U(k) and U(k−1) are the current and previous output voltage of the photovoltaic cell respectively, I(k) is the current output current, P(k) and P(k−1) are the current and previous output power of the photovoltaic cell, respectively, U ref is the reference voltage of the photovoltaic cell and C is the step-size setting value. Since the output voltage of a photovoltaic cell is low, the photovoltaic cell is connected with the DC bus by a boost circuit. The control mode of a boost circuit is Maximum Power Point Tracking (MPPT) method based on the disturbance observation method. The basic principle of the disturbance observation method is to add a small disturbance to the voltage, calculate the variation of the output voltage and power and compare it with the previous state. If the output power increases or decreases synchronously with the voltage value, the disturbance direction is correct and the maximum power tracking can be achieved by continuously disturbing the voltage [21] . The MPPT control flow chart of the disturbance observation method is shown in Figure 3 [22] . Among them, U(k) and U(k−1) are the current and previous output voltage of the photovoltaic cell respectively, I(k) is the current output current, P(k) and P(k−1) are the current and previous output power of the photovoltaic cell, respectively, Uref is the reference voltage of the photovoltaic cell and C is the step-size setting value. 
Control Algorithm of a Photovoltaic and Energy Storage System
In the DC microgrid composed of photovoltaic cells, energy storage batteries and DC loads, energy storage batteries play the role of stabilizing the DC bus voltage and balancing the power allocation of each unit [23, 24] . When the system load changes abruptly, the power of the microgrid system is unbalanced, and the DC bus power and bus voltage fluctuate sharply. In view of the shortcomings of the existing methods for suppressing load disturbances in the DC microgrid, a DC bus control algorithm based on DOB is proposed in this paper. The algorithm regards the change of the DC bus voltage caused by load change as an external disturbance. The DOB estimates the disturbance of the DC bus voltage. Feedforward compensation is used to dynamically eliminate the influence of the disturbance on the DC bus voltage. The parameter design of the algorithm is simple and easy to implement in engineering. It can not only improve the anti-disturbance performance of the control system against a load disturbance, but it also does not affect the following performance of the original control system. The control algorithm is shown in Figure 4 . 
In the DC microgrid composed of photovoltaic cells, energy storage batteries and DC loads, energy storage batteries play the role of stabilizing the DC bus voltage and balancing the power allocation of each unit [23, 24] . When the system load changes abruptly, the power of the microgrid system is unbalanced, and the DC bus power and bus voltage fluctuate sharply. In view of the shortcomings of the existing methods for suppressing load disturbances in the DC microgrid, a DC bus control algorithm based on DOB is proposed in this paper. The algorithm regards the change of the DC bus voltage caused by load change as an external disturbance. The DOB estimates the disturbance of the DC bus voltage. Feedforward compensation is used to dynamically eliminate the influence of the disturbance on the DC bus voltage. The parameter design of the algorithm is simple and easy to implement in engineering. It can not only improve the anti-disturbance performance of the control system against a load disturbance, but it also does not affect the following performance of the original control system. The control algorithm is shown in Figure 4 . The basic principle of DOB is that the difference between the output of the actual model and the reference model caused by the external disturbance of the controlled object and its parameter changes, is regarded as the system disturbance. DOB estimates the output difference caused by the disturbance in real time and feedforward compensates it to the input, so as to actively suppress the influence of the disturbance [25] . Its control structure is in Figure 5 . As can be seen from the figure above, the transfer function of output Y(s) without the DOB is as follows:
Without the DOB, ΦR(s) and Φd(s) are transfer functions of input R(s) and disturbance
After adding the DOB, the output of the system is as follows: The basic principle of DOB is that the difference between the output of the actual model and the reference model caused by the external disturbance of the controlled object and its parameter changes, is regarded as the system disturbance. DOB estimates the output difference caused by the disturbance in real time and feedforward compensates it to the input, so as to actively suppress the influence of the disturbance [25] . Its control structure is in Figure 5 . The basic principle of DOB is that the difference between the output of the actual model and the reference model caused by the external disturbance of the controlled object and its parameter changes, is regarded as the system disturbance. DOB estimates the output difference caused by the disturbance in real time and feedforward compensates it to the input, so as to actively suppress the influence of the disturbance [25] . Its control structure is in Figure 5 . As can be seen from the figure above, the transfer function of output Y(s) without the DOB is as follows:
After adding the DOB, the output of the system is as follows: Among them, the dotted frame part is DOB, R(s) is the system input, Y(s) is the system output, C(s) is the transfer function of PI controller, c(s) is the PI controller output, u(s) is the intermediate operation variable, G(s) is the actual model of the controlled object, G n (s) is the reference model of the controlled object, d(s) is the equivalent disturbance of the system,d(s) is the disturbance compensation estimated by the DOB and Q(s) is the low-pass filter.
As can be seen from the figure above, the transfer function of output Y(s) without the DOB is as follows:
Without the DOB, Φ R (s) and Φ d (s) are transfer functions of input R(s) and disturbance d(s) to output Y(s), respectively.
After adding the DOB, the output of the system is as follows:
After adding DOB, Φ R (s) and Φ d (s) are transfer functions of input R(s) and disturbance d(s) to output Y(s), respectively. When Q(s) = 1 in the middle and low frequency bands, the disturbance compensation can be as follows:
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From the above formula, when
shows that the disturbance compensation estimated by the DOB can completely offset the influence of parameter changes and external disturbances on the system, and has good robustness.
In a high frequency band, if
. At this time, the output of the system is the same as that without the DOB, and the control performance of the DOB disappears.
Let the frequency band of low pass filter Q(s) be f Q . When f ≤ f Q , Q ≈ 1, and when f > f Q , Q ≈ 0. Therefore, the design of Q(s) is the key point in the design of the DOB. The order of Q(s) must be no less than that of G n (s) [26] . Since the transfer function of the generalized controlled object is a second-order inertial link, the second-order low-pass filter is chosen to satisfy the above characteristics. The DOB design is as follows:
Among them, τ is the filter time constant, L f n , C f n and R f n are inductance, capacitance and resistance of filter, respectively.
Control Strategy for a Grid-Connected Operation of the Low-Voltage DC Microgrid
Droop Control Strategy
On the basis of bus voltage stability of the DC microgrid, the voltage source inverter control system was adopted for its grid-connected operation. The structure of the system is in Figure 6 . The main circuit of the system is a three-phase full-bridge voltage source inverter [27] . The LC filter is connected to the output side of the inverter to filter high-order harmonics [28] . This paper adopted a droop control strategy to control the inverter. Droop control is a method to control the inverter by simulating the droop characteristics of synchronous generators in traditional power systems [29] . The control part of the system included power calculation, droop control, voltage and a current double loop control. Firstly, the output voltage and current of the inverters were collected to calculate the output power of the inverters. Then, the reference values of the output voltage amplitude and frequency were obtained by droop control and the reference voltage was obtained by voltage synthesis link as the input reference of the voltage and current double loop control link. Finally, the Sinusoidal Pulse Width Modulation (SPWM) signal was generated by adjusting the voltage and current double loop control link to control the inverter.
Droop control strategy can be expressed as: The main circuit of the system is a three-phase full-bridge voltage source inverter [27] . The LC filter is connected to the output side of the inverter to filter high-order harmonics [28] . This paper adopted a droop control strategy to control the inverter. Droop control is a method to control the inverter by simulating the droop characteristics of synchronous generators in traditional power systems [29] . The control part of the system included power calculation, droop control, voltage and a Droop control strategy can be expressed as:
Among them, ω and U are the angular frequency and amplitude of the actual output voltage, ω n and U n are the angular frequency and amplitude of the rated output voltage of the inverter, m and n are the active power droop coefficient and reactive power droop coefficient, P and Q are the actual output active power and reactive power and P n and Q n are the rated output active power and reactive power of the inverters, respectively.
The traditional droop control was suitable for the case where the lines impedance of the microgrid was inductive. However, when the line impedance of the microgrid is large, it will be difficult for the traditional droop control to achieve the power sharing of the inverters and reduce the coupling degree of active and reactive power transmission [28] . For this reason, virtual impedance was added to the voltage and current double loop control link in the traditional droop control to improve the inductance of line impedance, as shown in Figure 7 . Among them, Uref and U are reference voltage and output voltage, i0 is load current, Lf and Cf are filter inductance and filter capacitance, Gu(s) and Gi(s) are transfer functions of the voltage outer loop and current inner loop respectively, and KSPWM is the pulse width modulation proportional coefficient of inverters. The virtual impedance Zv can be calculated from the above figure as follows:
Zl is the line impedance, Z0 is the equivalent output impedance of the inverter and G is the equivalent voltage transfer function of the inverter. Due to the introduction of the virtual impedance Zv, the line resistance-inductance ratio is expressed as follows:
Among them, Rv and Rl are virtual resistance and line resistance, Lv and Ll are virtual inductance and line inductance, respectively. According to the change of angle frequency and amplitude of the inverter output voltage, m, n and r were adjusted. The improved droop control algorithm is expressed as follows:
Grid-Connected Operation Control Strategy of the Microgrid
Neural Network Adaptive Control Algorithm
When the power grid needs to utilize the energy of the microgrid more effectively, it is necessary to parallelize each microgrid with the power grid. At this time, the microgrids works in gridconnected operation mode. When the microgrid and the power grid operate independently, their voltage amplitude, frequency and phase may not be the same. If the grid-connected operation was Among them, U ref and U are reference voltage and output voltage, i 0 is load current, L f and C f are filter inductance and filter capacitance, G u (s) and G i (s) are transfer functions of the voltage outer loop and current inner loop respectively, and K SPWM is the pulse width modulation proportional coefficient of inverters. The virtual impedance Z v can be calculated from the above figure as follows:
Z l is the line impedance, Z 0 is the equivalent output impedance of the inverter and G is the equivalent voltage transfer function of the inverter. Due to the introduction of the virtual impedance Z v , the line resistance-inductance ratio is expressed as follows:
Among them, R v and R l are virtual resistance and line resistance, L v and L l are virtual inductance and line inductance, respectively. According to the change of angle frequency and amplitude of the inverter output voltage, m, n and r were adjusted. The improved droop control algorithm is expressed as follows: When the power grid needs to utilize the energy of the microgrid more effectively, it is necessary to parallelize each microgrid with the power grid. At this time, the microgrids works in grid-connected operation mode. When the microgrid and the power grid operate independently, their voltage amplitude, frequency and phase may not be the same. If the grid-connected operation was carried out directly at that time, it will cause a huge impulse current, damage power system equipment and even cause the paralysis of the whole power grid [30] . Therefore, it is necessary to control the parameters of the microgrid voltage to track the power grid voltage completely, in order to achieve a safe grid-connected operation [31, 32] . Therefore, based on the droop control and neural network adaptive control algorithm, a pre-synchronization control algorithm is proposed in this paper.
CMAC is a table query adaptive neural network which can express complex non-linear functions, and can learn arbitrary multi-dimensional non-linear mapping [33] . Compared with Back Propagation (BP) and Radial Basis Function (RBF) neural networks, CMAC is based on local learning where the information is stored in the local structure, which makes the weight of each correction very small, and on the premise of approaching the non-linear function, it has advantages of a fast learning speed, high control timeliness and insensitive sequence of learning data [34] . The control structure of CMAC is shown in Figure 8 . The CMAC design method was divided into three steps: The first step was quantization and the N-dimensional input space was divided at the input layer. Each input falls into a hypercube unit of the N-dimensional network, for any input in the middle layer, only the output of a few intervals was non-zero, and the number of non-zero intervals was the normalized parameter c. The second step was address mapping. The division remainder method was used, which mapped the input sample to the address of the conceptual memory, and the remainder was used as the address value of the actual memory. The third step was the CMAC output, which mapped the input to the c cells of the actual memory with each cell storing the corresponding weight and the output of the CMAC was the sum of the weights of c actual memory cells [35] .
In this paper, CMAC and traditional PID composite adaptive control algorithm is proposed. The structure of the algorithm is shown in Figure 9 . Among them, CMAC implements feedforward control to realize the inverse dynamic model of the controlled object and the traditional PID implements feedback control to suppress the disturbance. The CMAC design method was divided into three steps: The first step was quantization and the N-dimensional input space was divided at the input layer. Each input falls into a hypercube unit of the N-dimensional network, for any input in the middle layer, only the output of a few intervals was non-zero, and the number of non-zero intervals was the normalized parameter c. The second step was address mapping. The division remainder method was used, which mapped the input sample to the address of the conceptual memory, and the remainder was used as the address value of the actual memory. The third step was the CMAC output, which mapped the input to the c cells of the actual memory with each cell storing the corresponding weight and the output of the CMAC was the sum of the weights of c actual memory cells [35] .
In this paper, CMAC and traditional PID composite adaptive control algorithm is proposed. The structure of the algorithm is shown in Figure 9 .
Energies 2019, 12, 1162 9 of 17 was address mapping. The division remainder method was used, which mapped the input sample to the address of the conceptual memory, and the remainder was used as the address value of the actual memory. The third step was the CMAC output, which mapped the input to the c cells of the actual memory with each cell storing the corresponding weight and the output of the CMAC was the sum of the weights of c actual memory cells [35] .
In this paper, CMAC and traditional PID composite adaptive control algorithm is proposed. The structure of the algorithm is shown in Figure 9 . Among them, CMAC implements feedforward control to realize the inverse dynamic model of the controlled object and the traditional PID implements feedback control to suppress the disturbance. At the end of each control cycle of CMAC, the output un(k) was obtained. Compared with the total input u(k) of the system, the weight was corrected, and the learning process began, so that the difference between the total control input and the output of the CMAC was minimized. The total system output was generated by CMAC. The control algorithm can be expressed as follows:
Among them, wi is the weight, ai is the binary selection vector, c is the normalized parameter of the CMAC network, un(k) is the output of CMAC and up(k) is the output of traditional PID. The adjustment indexes of CMAC are as follows: Among them, CMAC implements feedforward control to realize the inverse dynamic model of the controlled object and the traditional PID implements feedback control to suppress the disturbance. At the end of each control cycle of CMAC, the output u n (k) was obtained. Compared with the total input u(k) of the system, the weight was corrected, and the learning process began, so that the difference between the total control input and the output of the CMAC was minimized. The total system output was generated by CMAC. The control algorithm can be expressed as follows:
Among them, w i is the weight, a i is the binary selection vector, c is the normalized parameter of the CMAC network, u n (k) is the output of CMAC and u p (k) is the output of traditional PID. The adjustment indexes of CMAC are as follows:
Among them, η(0 < η < 1) is the learning rate of the network and α(0 < α < 1) is the inertia [36] . At the beginning, set w = 0, u n = 0, u = u p , the system was controlled by a traditional PID. In the learning process of CMAC, u p (k) gradually tends to 0 and u n (k) gradually approaches the total output of the system.
In order to ensure the fast convergence speed and smooth convergence process of CMAC neural network in the learning process, in this paper, the correction of the weight of (15) was improved. The learning rate was dynamically adjusted by the weight correction index u p (k). The calculation formula is as follows.
Where β represents the smoothing factor and set β = 10. It can be seen from (9) that when u p (k) is larger, the learning rate is larger and the convergence speed of the network is faster. With the increase of learning times, u p (k) decreases gradually, and the learning rate decreases gradually with the decrease of u p (k), so as to ensure smooth convergence process and avoid large oscillation.
Pre-synchronization Control Algorithm of a Grid-Connected Operation
In order to satisfy the grid-connected conditions, under droop control, the amplitude and frequency of the inverter output voltage are consistent with the reference value. Only the phase factor can be considered at this time. In the dq rotating coordinate system, the phase θ g and angular frequency ω g of the power grid voltage are obtained through the phase-locked structure. Then by adjusting the angular frequency of the output voltage of the microgrid inverter, the phase difference between the microgrid inverter and the power grid voltage tends to zero gradually. At the moment of ∆θ = 0, the voltage of the microgrid and the power grid is completely synchronized. The schematic diagram of the process is shown in Figure 10 .
Where β represents the smoothing factor and set β = 10. It can be seen from (9) that when up(k) is larger, the learning rate is larger and the convergence speed of the network is faster. With the increase of learning times, up(k) decreases gradually, and the learning rate decreases gradually with the decrease of up(k), so as to ensure smooth convergence process and avoid large oscillation.
In order to satisfy the grid-connected conditions, under droop control, the amplitude and frequency of the inverter output voltage are consistent with the reference value. Only the phase factor can be considered at this time. In the dq rotating coordinate system, the phase θg and angular frequency ωg of the power grid voltage are obtained through the phase-locked structure. Then by adjusting the angular frequency of the output voltage of the microgrid inverter, the phase difference between the microgrid inverter and the power grid voltage tends to zero gradually. At the moment of Δθ = 0, the voltage of the microgrid and the power grid is completely synchronized. The schematic diagram of the process is shown in Figure 10 . The three-phase output voltage Uabc of the inverter was converted into Ud and Uq by Park transformation, as shown in (9) and θg is the phase angle of the power grid output voltage. The three-phase output voltage U abc of the inverter was converted into U d and U q by Park transformation, as shown in (9) and θ g is the phase angle of the power grid output voltage.
cos θ g + 2π 3
Based on the CMAC and PID composite adaptive control algorithm, the pre-synchronization control algorithm proposed in this paper is shown in Figure 11 .
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Based on the CMAC and PID composite adaptive control algorithm, the pre-synchronization control algorithm proposed in this paper is shown in Figure 11 . The three-phase output voltage U gabc of the power grid was transformed into U gd and U gq by Park transformation. Comparing the q-axis component U gq with zero, the U gq gradually tends to zero after being adjusted by the CMAC and PID composite adaptive control algorithm. When U gq = 0, ω g is the angular frequency of the power grid voltage, the phase angle of the power grid voltage is obtained through an integral link. Through this closed-loop regulation process, θ g is the output voltage phase angle of the power grid stable operation. The rated angular frequency of the power grid voltage is ω ff , which is 100 πrad/s. θ g is added to Park transformation of the three-phase output voltage U abc of the microgrid. Comparing the q-axis component U q with zero, the U q gradually tends to zero after being adjusted by the composite adaptive control algorithm. When U q = 0, the output angular frequency ω sc is the phase-locked tracking compensation angular frequency. By adding ω sc to the droop control link, and superimposing it with the angular frequency ω 0 calculated by the active droop equation, the reference angular frequency ω of the microgrid inverter output voltage can be obtained. The calculation formula of the reference angular frequency is as follows:
The reference angular frequency ω of the inverter is added to the voltage and current double loop control link. Finally, the phase, frequency and amplitude of the microgrid inverter output voltage were consistent with the power grid voltage and the conditions of grid-connected operation were achieved. 
Simulation Analysis
Simulation Analysis of Island Operation of DC Microgrid
In this paper, setting the filter time constant τ = 0.02 s of the DOB low-pass filter, Lf n = 10 mH, Cf n = 0.25 mF and Rf n = 0. The reference value of the DC bus voltage was set to 200 V [37] . The simulation parameters of the photovoltaic cell were as follows: Reference temperature Tref = 25 °C, illumination intensity Sref = 1000 W/m 2 , ISC = 8.58 A, Im = 7.94 A, Um = 17.7 V, Uoc = 22 V, α = 0.0025 /°C, β = 0.5 /°C and γ = 0.00288 /°C. When the simulation time is 2 s, the systems load increased suddenly. The waveforms of the DC bus voltage and bus power are shown in Figures 12 and 13 , respectively. From Figures 12 and 13 , it can be concluded that the DC bus voltage was stable at 200 V, and the bus power was stable at the reference value of 1500 W after 0.6 s fluctuation. At 2 s, the system load increased suddenly. Since the power provided by photovoltaic cells cannot meet the power demand of the system, the bus power decreased obviously and the DC bus voltage decreased synchronously. Under the adjustment of the proposed algorithm, the DC bus power and bus voltage rose synchronously. The system underwent 0.55 s of transient fluctuation, and the DC bus voltage and bus power rose to the reference values of 200 V and 1500 W synchronously, finally reaching a stable state at the same time. The above simulation process shows that, under the adjustment of the proposed algorithm, the overload of the system does not cause the collapse of the system and there was no bus voltage deviation after the adjustment. The DOB solved the problem of excessive voltage deviation in the regulation process, the overshoot of bus voltage and bus power was controlled within 10%, which proved the effectiveness of the proposed algorithm. From Figures 12 and 13 , it can be concluded that the DC bus voltage was stable at 200 V, and the bus power was stable at the reference value of 1500 W after 0.6 s fluctuation. At 2 s, the system load increased suddenly. Since the power provided by photovoltaic cells cannot meet the power demand of the system, the bus power decreased obviously and the DC bus voltage decreased synchronously. Under the adjustment of the proposed algorithm, the DC bus power and bus voltage rose synchronously. The system underwent 0.55 s of transient fluctuation, and the DC bus voltage and bus power rose to the reference values of 200 V and 1500 W synchronously, finally reaching a stable state at the same time. The above simulation process shows that, under the adjustment of the proposed algorithm, the overload of the system does not cause the collapse of the system and there was no bus voltage deviation after the adjustment. The DOB solved the problem of excessive voltage deviation in the regulation process, the overshoot of bus voltage and bus power was controlled within 10%, which proved the effectiveness of the proposed algorithm.
Simulation Analysis of Grid-Connected Operation of the DC Microgrid
For a grid-connected operation of the DC microgrid, the reference amplitude of the inverter output voltage was set to 311 V (effective value is 220 V). The LC filter parameters were set as follows: L f = 0.6 mH and C f = 1.5 mF. In order to verify the effectiveness of the improved droop control algorithm for the inverter, the inverter operated independently and the three-phase output voltage waveform of the inverter is shown in Figure 14 . For a grid-connected operation of the DC microgrid, the reference amplitude of the inverter output voltage was set to 311 V (effective value is 220 V). The LC filter parameters were set as follows: Lf = 0.6 mH and Cf = 1.5 mF. In order to verify the effectiveness of the improved droop control algorithm for the inverter, the inverter operated independently and the three-phase output voltage waveform of the inverter is shown in Figure 14 . The above simulation process shows that the voltage and current double loop control link eliminated voltage deviation, the output voltage was stable at the reference value and the adjustment time was only 0.01 s. After filtering via the LC filter, the output voltage followed a sinusoidal waveform with a waveform of high quality. The simulation results verified the effectiveness of the improved droop control algorithm for controlling the output voltage of the inverter.
In order to verify the effectiveness of the CMAC and traditional PID composite adaptive control algorithm, a square wave with an amplitude of 0.5 and f = 3 Hz was selected. The parameters of the neural network were set as follows: Network dimension N = 300, network normalized parameter c = In order to verify the effectiveness of the CMAC and traditional PID composite adaptive control algorithm, a square wave with an amplitude of 0.5 and f = 3 Hz was selected. The parameters of the neural network were set as follows: Network dimension N = 300, network normalized parameter c = 5, initial learning rate η = 0.10 and inertia coefficient α = 0.04. The parameters of the traditional PID were set as follows: k p = 0.01, k i = 0.1 and k d = 0.28. Under the action of this algorithm, the tracking experiment of the square wave was carried out. The simulation result is shown in Figure 15 . The above simulation process shows that the voltage and current double loop control link eliminated voltage deviation, the output voltage was stable at the reference value and the adjustment time was only 0.01 s. After filtering via the LC filter, the output voltage followed a sinusoidal waveform with a waveform of high quality. The simulation results verified the effectiveness of the improved droop control algorithm for controlling the output voltage of the inverter.
In order to verify the effectiveness of the CMAC and traditional PID composite adaptive control algorithm, a square wave with an amplitude of 0.5 and f = 3 Hz was selected. The parameters of the neural network were set as follows: Network dimension N = 300, network normalized parameter c = 5, initial learning rate η = 0.10 and inertia coefficient α = 0.04. The parameters of the traditional PID were set as follows: kp = 0.01, ki = 0.1 and kd = 0.28. Under the action of this algorithm, the tracking experiment of the square wave was carried out. The simulation result is shown in Figure 15 . Since the learning rate was dynamically adjusted by the weight correction index up(k), it can be seen from Figure 15 that with the increase of learning times, up(k) decreased gradually, and the learning rate gradually decreased with the decrease of up(k). The convergence speed of the network changed from fast to slow, which ensured a smooth convergence process and avoided large Since the learning rate was dynamically adjusted by the weight correction index u p (k), it can be seen from Figure 15 that with the increase of learning times, u p (k) decreased gradually, and the learning rate gradually decreased with the decrease of u p (k). The convergence speed of the network changed from fast to slow, which ensured a smooth convergence process and avoided large oscillation. The output waveform of the neural network could completely track the square wave after about 0.04 s, with a short adjustment time, showing the system had a high stability.
In order to verify the effectiveness of the proposed pre-synchronization control algorithm based on the CMAC and PID composite adaptive control, the proposed algorithm was compared with the grid-connected control algorithm based on the PLL structure. The output voltage comparison diagram of the microgrid inverter and the power grid under the traditional PLL algorithm is shown in Figure 16 . The output voltage comparison diagram under the proposed algorithm is shown in Figure 17 . oscillation. The output waveform of the neural network could completely track the square wave after about 0.04 s, with a short adjustment time, showing the system had a high stability. In order to verify the effectiveness of the proposed pre-synchronization control algorithm based on the CMAC and PID composite adaptive control, the proposed algorithm was compared with the grid-connected control algorithm based on the PLL structure. The output voltage comparison diagram of the microgrid inverter and the power grid under the traditional PLL algorithm is shown in Figure 16 . The output voltage comparison diagram under the proposed algorithm is shown in Figure 17 . From Figures 16 and 17 , it can be concluded that the inverter had obvious voltage oscillation under the traditional PLL algorithm, with a relatively long tracking time of 0.18 s. The proposed algorithm made the output voltage of the microgrid inverter track the power grid voltage in 0.05 s, with a required adjustment time of only 27.8% of the traditional PLL, and it achieved a complete synchronous and coordinated operation. There was no voltage oscillation and impulse current in the process, which guarantees the security of the system and verifies the timeliness of the proposed algorithm. From Figures 16 and 17 , it can be concluded that the inverter had obvious voltage oscillation under the traditional PLL algorithm, with a relatively long tracking time of 0.18 s. The proposed algorithm made the output voltage of the microgrid inverter track the power grid voltage in 0.05 s, with a required adjustment time of only 27.8% of the traditional PLL, and it achieved a complete synchronous and coordinated operation. There was no voltage oscillation and impulse current in the process, which guarantees the security of the system and verifies the timeliness of the proposed algorithm.
Discussion
A low-voltage DC microgrid with a DG has great potential in reducing power loss, enhancing power supply continuity and reliability as well as improving power quality. An adaptive approach for a distribution system reconfiguration and charging management of plug-in electric vehicles (PEV) is presented in [7] . It used a stochastic model predictive control to stochastically, adaptively and dynamically reconfigure the system, manage the incidental charging pattern of PEVs, and deal with the variable and uncertain power of renewable energy sources. The stochastic model predictive control (MPC) concept is applied in the problem to have dynamic and adaptability futures in the optimization problem and to deal with the uncertainty and variability issues of renewable energy resources in [8] . MPC is applied in the optimal reconfiguration of distribution systems, it has better consequences in the presence of variable power of renewables and increases the robustness and resiliency of optimization procedures of distribution systems. The intermittent modeling of renewable energy will be further studied in the next work.
At present, there is still much room for research on low-voltage DC microgrid. Further research is needed in aspects of system topology, electrical safety, reliability of power electronic equipment, control and protection methods as well as the treatment of DC corrosion problems. Various new energy generation technologies and their controls are still the future of microgrid development. These new energy generation technologies will provide more efficient and green energy for human beings and promote a sustainable development of the world.
Conclusions
In this paper, aimed at the low-voltage DC microgrid with photovoltaic and energy storage systems, a DC bus control algorithm based on the DOB was proposed for its island operation mode. The algorithm took the DC bus state and battery output state into account comprehensively. A DOB with second-order low-pass filter was designed to improve the anti-interference ability of the microgrid to system load change. The simulation results showed that when the system load suddenly increased, The proposed algorithm ensured that the system avoided a system collapse, that there was no voltage deviation, whilst ensuring that the bus power balance was realized at the same time. The introduction of the DOB resolved the problem of excessive bus voltage and power overshoot. This algorithm simplified the control system structure, reduced the cost and improved the autonomy, anti-interference ability and stability of the system. Therefore, the effectiveness of the algorithm was verified.
On the basis of the bus voltage stability of the DC microgrid, for the grid-connected operation of a microgrid, a pre-synchronization control algorithm was proposed based on the CMAC and traditional PID composite adaptive control algorithm. When the inverter ran independently, the improved droop control with virtual impedance eliminated voltage deviation and the adjustment time was very short. The LC filter improved waveform quality. Compared with the grid-connected control algorithm based on the traditional PLL structure, the proposed algorithm made the microgrid inverter output voltage track the power grid voltage quickly and accurately with an adjustment time of only 27.8% of the traditional PLL. The adjustment process did not produce voltage oscillation and impulse current, and the system had high stability.
Patents
The control algorithm proposed in this paper produces Chinese invention patents (No. 201811111204.7). 
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